UBEROUS sclerosis complex is a neurocutaneous disorder affecting multiple organ systems, including the brain, heart, kidneys, and skin. 19, 54, 55, 59, 62, 71, 73 This disorder has a variable penetrance and a wide range of phenotypes, and it is believed to affect between 1:5000 and 1:10,000 individuals. 38, 47, 49, 64 Although TSC is transmitted in an autosomal dominant fashion, two-thirds of cases are sporadic, resulting from spontaneous mutations or mosaicism.
of hamartin and tuberin, resulting in functional changes manifested as the TSC phenotype. 22, 45, 46 The diagnosis of TSC is established by clinical criteria. 13 The clinical phenotype of TSC was usually described as Vogt's triad of seizures, mental retardation, and facial angiofibromas. 62 However, this triad is seen in Ͻ 50% of patients with TSC, and the current diagnosis of TSC requires the presence of major and minor clinical features agreed on at the Tuberous Sclerosis Complex Consensus Conference in 1998. 54, 55 These include ash leaf spots, facial angiofibromas in a malar pattern, retinal hamartomas, cardiac rhabdomyoma, and renal angiomyolipoma. The central nervous system is affected by cortical heterotopias and cortical tubers, subependymal nodules or "candle guttering," and subependymal giant cell astrocytomas. 55 Approximately 90% of patients with TSC suffer from seizures, and epilepsy is the leading cause of morbidity; most seizures commence before the age of 2 years. 25, 72 Based on the experience of several investigators over the last 20 years, the efficacy of surgery is well established for controlling seizures in patients with TSC with concordant and localized neuroimaging and electrophysiological data. 3, 5, 8, 18, [26] [27] [28] 34, 35, 37, 41, 42, 52, 57, 75 Independent investigators at a variety of international comprehensive epilepsy centers have come to the conclusion that epilepsy surgery is an excellent treatment option for the appropriately selected child with TSC. 3, 5, 8, 18, [26] [27] [28] 34, 35, 37, 41, 52, 57, 75 The goal of epilepsy treatment in TSC, as in the treatment of other types of epilepsy, is the elimination of seizures as soon as possible to optimize cognitive development and improve behavior and quality of life. 14 It is well recognized that persistent seizures may have a detrimental effect on cognitive development, and epilepsy surgery can impact on this situation favorably. 39 Ultimately, the decision to proceed to surgical treatment depends on an analysis of the risk-benefit profile for each patient. At the time of referral for surgery there are no other viable options and the patient is developmentally losing ground. Nonoperative therapy with multiple antiepileptic medications has failed, and the patient has not responded to a ketogenic diet or vagal nerve stimulation. 51 
Preoperative Evaluation
As in all epilepsy surgery, the goal of the preoperative evaluation of the child with TSC is first to delineate the epileptogenic zone, and second to determine the functional status of the cortex in and around the epileptogenic zone to assess the safety and risks of resection. The evaluation of children with TSC typically consists of a detailed family, birth, and personal history, physical examination, neuropsychiatric testing, routine structural imaging with MR and CT imaging, electrophysiological studies including interictal EEG and prolonged video-EEG monitoring, and noninvasive functional mapping studies including MEG, PET, and ictal and periictal SPECT. In a large proportion of patients with TSC and focal epilepsy, multiple cortical lesions on MR images present the challenge of identifying the epileptogenic tuber(s). 25 Several noninvasive neuroimaging techniques have demonstrated substantial promise and warrant further discussion.
Magnetoencephalography may be especially useful in identifying the epileptogenic tuber in patients with TSC and focal seizures, and it has demonstrated high sensitivity and specificity for predicting the epileptogenic zone based on surgical outcome. 23, 25, 33 The presence of single clusters compared with multiple clusters or scattered bilateral discharges may differentiate patients with a single, primary ictal onset zone from those with multiple or bilateral ictal onset zones underlying a more diffuse epileptogenic network. 23 Furthermore, MEG and video-EEG techniques are complementary, due to the differential sensitivity to radial spike activity from the cortical surface compared with tangential discharges at the depth of a sulcus or deep within the sylvian fissure. 25 Positron emission tomography uses radiolabeled tracers to image cerebral perfusion ([ 15,31 Positron emission tomography images coregistered to MR images provide anatomical localization of regions of abnormal substrate metabolism, which often correlates with ictal onset zones. 15 The relatively new tracer AMT, which images tryptophan metabolism and serotonin receptor density, has successfully distinguished epileptogenic and electrically silent tubers in small studies. 10, 31, 32, 65 Periictal diffusion weighed MR imaging often shows restricted diffusion in the involved cortical region, and it may be useful in localizing epileptogenic cortex in patients with multiple anatomically distant tubers. 56 Studies in children with TSC have suggested that the combination of hypometabolism on FDG-PET images and large apparent diffusion coefficient volumes on diffusion weighted images may have high specificity for epileptogenic tubers. 9 Ictal SPECT, in which tracer injection is performed during a seizure, also demonstrates focal hyperperfusion corresponding to the ictal onset zone with sensitivity similar to FDG-PET. 11, 53 The SISCOM improves the sensitivity of SPECT by detecting regional differences between interictal and ictal perfusion. Preoperative SISCOM provides useful information for invasive electrode placement among children with multiple lesions, such as TSC. 1 Invasive video-EEG is a highly sensitive modality for detection of the ictal onset zone in the presence of a focal lesion on structural MR images. 7, 50, 61, 77 Specific indications for invasive monitoring vary considerably between epilepsy centers. Generally, pediatric candidates have discordant noninvasive data, multifocal pathology, an ictal onset zone adjacent to eloquent functional regions, or a lesion with chronic seizures, where the ictal onset zone is often localized to cortex around the lesion. 29 Patients with TSC and refractory seizures frequently meet many of these criteria. 4 
Surgical Strategies
Epilepsy surgery in the child with TSC requires special considerations. It is essential to emphasize that these are very difficult cases. Several surgical strategies have been proposed, each offering a unique set of advantages and disadvantages. 2, 9, 10, 75 No single approach should be considered optimal. Rather, using our own experience as an example, each approach reflects the philosophy and specific experience of a particular epilepsy center. A valuable benefit of our surgical experience has been the accumulation of electrophysiological recording data in vivo, which has provided insight into the underlying epileptogenesis in patients with TSC.
The first report of epilepsy surgery for TSC was in 1966 by Perot et al. 52 from the Montreal Neurological Institute. Over the 40 years since that report, the published literature has consistently found that traditional resective epilepsy surgery can be very successful in reducing the seizure burden in carefully selected patients with TSC who harbor a single tuber and associated epileptogenic focus. 3, 5, 8, 18, [26] [27] [28] 34, 35, 37, 41, 52, 57, 75 Patients not meeting this selection criterion for surgery were offered a palliative approach, such as corpus callosotomy. 18 A review of the TSC epilepsy surgery literature indicates that patients with a well-localized single tuber and corresponding epileptogenic zone are excellent surgical candidates, but children not fitting this profile are often excluded from operative treatment because a poor outcome was anticipated.
We believe this conclusion may reflect an intrinsic bias, with a potentially self-fulfilling prediction. In the rare TSC case characterized by a dominant single epileptogenic tuber, surgery is often curative (Fig. 1) . The traditional operative approach of lesionectomy or "tuberectomy" consists of targeting the tuber alone. Therefore, the principal task of the preoperative evaluation is to identify the tuber that was the source of the patient's clinical seizures. However, the clinician is more commonly confronted with a significantly more complex scenario (Fig. 2 ), such as the child who presents with multifocal epilepsy and multiple bilateral cortical tubers, many of which may be epileptogenic. This patient would be rejected for surgical consideration based on traditional criteria. In light of the paucity of effective treatment for these patients, we questioned whether patients with multiple potentially epileptogenic tubers in whom medical therapy failed might be candidates for an alternative surgical approach.
Surgery for Multifocal Epilepsy in TSC
In the context of the hypothesis that epilepsy in TSC is a network often manifested clinically by multifocal seizures, 24 we asked whether a strategic surgical intervention targeting a seemingly occult primary seizure focus could beneficially alter this network. Because tubers should cause partial epilepsy, we questioned whether patients with TSC might be harboring an undetected dominant seizure focus not seen on conventional testing. A review of the epilepsy surgery literature, in fact, supports this hypothesis: multifocal epilepsy is an observed phenotype of a primary seizure focus driving a complex epileptic network, and a "multifocal EEG" may mask a primary seizure focus. Some examples of this idea in the literature include temporal lobectomy in bilateral temporal epilepsy, hypothalamic hamartoma, infantile spasms due to focal cortical dysplasia, and congenital focal brain lesions associated with generalized EEG findings. 12, 20, 21, 79 The challenge is finding this prima-
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Tuberous sclerosis complex: special considerations ry focus, and advances in functional mapping and electrophysiological recording continue to improve and refine this endeavor.
Our initial surgical experience among patients with TSC was guided by this conceptual framework, and our goal was to reduce seizure and medication burden rather than seizure freedom. Therefore, we did not exclude patients who did not meet traditional surgical criteria. We were surprised and encouraged by several good outcomes among complex patients. 57, 75 This included one patient who underwent bilateral resections of independent epileptogenic regions in nonhomologous cortical regions. 57 At 9-year follow-up, this child remains seizure free, supporting the notion that some children who do not fit traditional criteria for surgery may experience a good outcome with an acceptable treatment risk. This experience among others fostered an alternative approach to surgical treatment among selected children with TSC, particularly those with a poor quality of life who may not meet traditional surgical criteria.
This approach has evolved into a comprehensive strategy for the surgical management of TSC incorporating 3 main objectives. First, we strive to identify potential candidates at a young age. Children with TSC most often present with seizures very early in life. This epilepsy is often aggressive and is associated with developmental delay or regression. Improved seizure control may afford these patients significant developmental improvement. Indeed, evidence suggests that successful epilepsy surgery in TSC is related to a short duration of refractory epilepsy. Therefore, early identification of potential surgical candidates is critical for seizure control and optimal development. However, the published literature primarily contains reports on older children, 3, 5, 8, 18, [26] [27] [28] 34, 35, 37, 41, 52, 57, 75 with very few younger patients included in these series. This raises the question of whether a potential benefit is not seen because surgery is delayed beyond a potentially important developmental window.
Second, we sought to identify those patients with TSC who might benefit from surgery even though they do not meet traditional criteria, as discussed above. Many patients with TSC have multiple potentially epileptogenic cortical tubers. Because the epilepsy in TSC is almost always partial in nature, we advocate using bilateral strip electrode surveys to detect one or more discrete regions of the brain that could be targets for epilepsy surgery. This technique has been previously described in detail. 75 Third, we hope to improve the outcome of epilepsy surgery in TSC in general by identifying and defining the extent of the seizure foci in these children. Unfortunately, defining the margins of the epileptogenic zone has proven difficult in patients with TSC. Surgery may fail due to an adjacent or distant tuber/epileptogenic zone. Early work in this field was tempered by the outlook that multiple cortical tubers predict surgical failure. Thus, even if the main seizure focus is removed, seizures are likely to persist, driven by other tubers/seizure foci.
We have approached this challenge with a multistaged technique, in which 3 operations are performed during a single hospitalization. 4 During Stage 1, electrodes are implanted in the brain to detect the major seizure focus. During Stage 2, the seizure focus is removed and new electrodes are replaced to identify other areas of the brain that might continue to generate seizures. During Stage 3, any additional seizure foci are removed, in addition to the electrodes. The goal of this strategy is to identify unrecognized adjacent distal tubers/epileptogenic zones once the presumed major seizure focus has been removed in order to reduce surgical failures secondary to these other sites. In addition, a more conservative and possibly function-sparing strategy may be used during the initial resection, with further decisions made based on postresection invasive monitoring. Disadvantages of the multistage approach include an additional operation with associated cost, length of stay, and potential morbidity. An alternative to this is a single-or 2-stage resection of the dominant tuber/seizure focus, with further surgery considered in the future only if seizures persist. However, we have found that it is simpler to carry out a more complete resection during the initial hospital stay rather than bring the child and family back at a later time.
Another major question about the multistage approach concerns the clinical significance of seizures recorded between Stages 2 and 3, immediately following the initial resection. Although it is possible these events may dissipate over time, our experience suggests otherwise. In addition, sever-
Tuberous sclerosis complex: special considerations al studies have shown a correlation between early postresection seizures and poor outcome. 16, 40, 43 Illustrative Case This 3.5-year-old boy with TSC presented with a history of ~ 300 simple partial seizures per month, each described as a characteristic "stare" and clonic movements beginning in the left arm and progressing to the left leg and occasionally the right side. Multiple medications failed to treat the patient's condition. Physical examination revealed a mild left hemiparesis that was worse in the lower extremity. Magnetic resonance imaging demonstrated a large right central tuber located on the lateral surface of the hemisphere as well as a smaller posterior frontal tuber on the mesial surface and a hypointense area suspected of being a calcified tuber (Fig. 3a) .
The preoperative evaluation included scalp video-EEG monitoring, PET with FDG and AMT, and MEG (Fig. 4) . Interictal EEG revealed right centroparietal spikes and sharp waves prominent during sleep. Multiple clinical and subclinical seizures were captured, showing right centroparietal onsets. Magnetoencephalography did not detect any interictal epileptiform activity. The AMT-PET studies (performed at another institution) revealed diffusely increased uptake over a large area of the right hemisphere including temporal and parietal lobes, but they were unable to define a discrete epileptogenic zone. The patient's family sought several opinions and were given a broad range of treatment recommendations at various centers, including nonoperative management, single-stage resection of the dominant lateral tuber, or a 2-stage procedure with invasive monitoring via electrodes targeting regions implicated by PET. After discussing the case at our multidisciplinary epilepsy conference, a surgical approach was offered. During the first stage, an electrode array was implanted consisting of a 64-contact grid (Adtech) over the lateral tuber, strip electrodes extending from the margins of the grid, and a depth electrode targeting the mesial tuber with frameless stereotactic guidance (Fig. 3b) . Invasive monitoring demonstrated that the patient's typical seizures originated from the deepest mesial tuber with spread that involved the lateral lesion (Figs. 5a and 6a) . Motor mapping revealed the lateral cortical tuber was located posterior to primary sensory cortex. During Stage 2, a resection of all 3 MR imagingdefined lesions was performed. A 64-contact grid and depth electrodes were reimplanted to determine if any epileptogenic tissue remained at the resection margins (Fig.  7) . The postoperative MR image confirmed that all 3 lesions were removed, and showed the depth electrodes within the perituberal cortex (Fig. 3c) . However, the patient
Tuberous sclerosis complex: special considerations continued to experience seizures from the deep margins, as detected by the depth electrodes (Figs. 5b and 6b ). This tissue was resected completely at the third and final operative stage.
Compared with his preoperative condition of multiple daily seizures, this child remains seizure free at 6 months after surgery, with improvement in motor function. Pathological analysis of the tissue removed at the final stage revealed abnormal TSC cells within the brain. This case illustrates a core observation in our experience: seizures may arise independently from the brain around the tuber targeted for resection rather than from a remote tuber. In our experience, lesionectomy alone has rarely been sufficient to stop seizures in these patients. In addition, this case highlights the utility of depth electrodes to study remote cortical regions of interest during invasive monitoring in patients with TSC.
Current Results
Our initial experience with 25 patients (median age 4.0 years, mean follow-up 28 months, and 68% seizure-free outcome) was reported previously. 75 Between 1998 and the present, we have operated on 51 children between the ages of 7 months and 16 years. Many children were previously rejected as surgical candidates because they had multiple tubers and/or seizure foci. One patient was lost to followup, and 5 completed a diagnostic bilateral strip electrode survey without proceeding to resection. Thirty (67%) of the remaining 45 children are seizure free, and 15 (33%) are not.
There have been no deaths or permanent neurological deficits as a result of surgery. The mean monitoring time for patients undergoing multistage resection was 6.4 days for the first postoperative period, 4.7 days for the second, and 11.1 days total. Six patients suffered a transient post- operative hemiparesis that resolved within 2 months of surgery. One child developed hydrocephalus, requiring placement of a ventriculoperitoneal shunt, 1 child with a wound infection required reoperation, and 3 patients had partial resorption of the cranial bone flap. Four patients had positive intraoperative surveillance cultures without clinical evidence of meningitis; all were successfully treated with intravenous antibiotics. Some patients who are seizure free have not experienced robust neuropsychological gains, and many children who continue to suffer from seizures have shown dramatic neuropsychological improvements. However, in general, a correlation exists between seizure control and improved neuropsychological outcome. 39, 81 Twenty of 51 patients were in the worst of all prognostic categories. Because of their apparent multifocal epilepsy, they did not meet traditional surgical criteria. After extensive discussions among epilepsy team members and patients' families, these 20 patients underwent bilateral strip electrode surveys. Fifteen were found to have one or more seizure foci and, after careful evaluation, were offered resection. At current follow-up, 8 of these 15 children are seizure free. This cohort is being analyzed in detail to determine the ideal candidates for this approach and to identify factors on EEG and imaging that may predict success in identifying seizure foci.
Intracranial monitoring dictated further resection in most patients at the third stage. Moreover, all the initial surgical failures were due to insufficient resection of the epileptogenic tissue at the primary ictal onset zone. Five of the 51 children in our series underwent reoperation for recurrent seizures within the first 18 months after initial resection. Interestingly, all required further resection of epileptogenic tissue beginning at the margin of the prior resection, rather than resection of an anatomically remote tuber. Three of these 5 children remain seizure-free at most recent follow-up.
Tubers And Epileptogenesis in TSC
One advantage of the multistage approach is the unique opportunity to study the origin of epilepsy in children with TSC, which has facilitated a better understanding of the complex relationship of the tuber to the epileptogenic zone. Indeed, some patients with TSC have multiple seizure foci in different brain regions documented by intracranial electrode studies and required resection in different areas of the brain. Rarely, we have removed seizure foci from distinct regions of either hemisphere. 57 However, 2 consistent observations in our practice include that distant tubers infrequently lead to surgical failure, and the dominant epileptogenic zone often extends beyond the tuber margin.
Our results have led us to question the dogma that the primary target for resection in TSC is the tuber. This concept presumes tubers are intrinsically epileptogenic lesions. Are tubers really the origin of seizures in TSC? The concept that seizures may originate within tubers is based on several factors, the most obvious being that they are lesions within the brain, which have traditionally been presumed to be the ictal source, be they neoplastic, vascular, or developmental malformations. Focal cortical dysplasia lesions are known to be intrinsically epileptogenic, and balloon cells in focal cortical dysplasia share similarities with giant cells in tubers. 78 This includes frequent genetic alterations in TSC1 6 and diminished hamartin and tuberin expression 17 observed in focal cortical dysplasia balloon cells from epilepsy resection specimens. Furthermore, some have observed interictal epileptiform discharges within tubers during intraoperative recording, and the resection of tubers associated with epileptiform activity has led to diminished seizure frequency. 3, 5, 8, 18, [26] [27] [28] 34, 35, 37, 41, 52, 57, 75 However, little direct evidence in the literature supports a clear correlation between the seizure focus and the tuber. Moreover, analysis of several surgical descriptions in the literature reveals that cortex adjacent to tubers is often resected during "tuberectomy." 3,5,8,18,26-28, 34,35,37,41,52,57,75 Finally, many patients with a large "tuber burden" seen on MR images do not have seizures at all and often come to neurosurgical attention only because of other TSC-associated lesions, such as the growth of a subependymal giant cell astrocytoma.
Efforts to understand the molecular pathogenesis of structural (cortical tubers) and electrophysiological (seizure) abnormalities that characterize TSC have focused on the development of animal models. 63 The Eker rat, which carries a spontaneous heterozygous mutation of the TSC2 gene, shows mild cortical pathology but does not develop spontaneous seizures. 76 In addition, manipulation of the TSC1 and TSC2 genes in rodents has not led to tuber formation. Homozygous knockout mutations of TSC1 or TSC2 are embryonic lethal, and mice heterozygous for TSC1 or TSC2 do not develop tubers or spontaneous seizures. 48, 76 Conditional TSC1 knockout in mouse astrocytes leads to seizures and hippocampal disorganization. 67 Disruption of TSC1 expression in neurons leads to spontaneous seizures as well as ectopic, enlarged neurons resembling giant cells. 44 However, Wang and colleagues 74 found no tubers when they analyzed mice lacking neuronal expression of TSC1 in a synapsin-TSC1 conditional knockout. Evidence that disruption of hamartin/tuberin signaling in neurons and astrocytes may cause seizures in the absence of tubers supports the hypothesis that the brain may be hyperexcitable in TSC even in the absence of tubers.
Analysis of the TSC literature reveals the convergence of data from functional imaging with MEG and PET and electrophysiological data from EEG, implicating the margins of the tuber as independently epileptogenic. 9, 32, 33, 41, 80 The intracranial electrode recordings in our series have enabled us to begin to address this question directly in humans in vivo.
Conclusions
Our experience has demonstrated that epilepsy surgery for patients with TSC can be successful even in the absence of a single apparent seizure focus, removal of the tuber alone is often insufficient for seizure control, and many good surgical candidates may be identified with bilateral strip electrode surveys, despite failure to identify the primary ictal focus by noninvasive testing. Several centers now consider the possibility that select patients with TSC without a single dominant tuber/epileptogenic focus in whom all medical therapy has failed may be surgical candidates, particularly if no other viable treatment options exist. The treating team of specialists in close cooperation
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Tuberous sclerosis complex: special considerations with the patient's family must determine whether the potential benefits of surgery outweigh the risks of the surgery itself as well as persistent refractory epilepsy.
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